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GRAPHICAL  ABSTRACT 


►  Pt/N-doped  porous  carbon  was 
successfully  synthesized  via  spray¬ 
drying  method. 

►  Simultaneously  modifying  catalyst 
morphology  during  N-doping 
process. 

►  Pt  NPs  size  was  decreased  with  the 
increase  of  precursor  pH. 

►  Ammonium  hydroxide  was  used  as 
N-doping  agent. 

►  Ultrahigh  ORR  activity  was  recorded 
for  a  catalyst  prepared  at  precursor 
pH  8.4. 
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Pt  nanoparticles  supported  on  nitrogen-doped  porous  carbon  microspheres  (Pt/CN)  were  synthesized  via 
an  in-situ  spray-drying  technique  followed  by  calcination.  The  addition  of  ammonium  hydroxide  had 
a  remarkable  influence  on  the  solution  chemistry,  which  promoted  the  simultaneous  formation  of 
metallic  Pt  and  nitrogen  doping  onto  carbon  support  material.  Furthermore,  the  precursor  pH  influenced 
the  subsequent  oxygen  reduction  activity  of  the  product.  Ultrahigh  oxygen  reduction  reaction  (ORR) 
activity  was  recorded  for  a  catalyst  prepared  at  a  precursor  pH  of  8.4  with  mass  activity  and  specific 
activity  were  564  mA  mg-1  Pt  and  834  pA  cm-2  Pt,  respectively.  This  investigation  resulted  in  an  effective 
strategy  to  escalate  the  catalyst  ORR  during  limited  catalyst  surface  area  enhancement. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

An  energy  source  that  is  both  cheap  and  eco-friendly  is  urgently 
needed  to  replace  the  current  domination  of  fossil  fuels  such  as 
petroleum  and  natural  gas  [1].  Polymer  electrolyte  membrane  fuel 
cell  (PEMFC)  is  considered  to  be  one  of  the  most  promising 
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candidates  for  a  renewable  power  source,  particularly  for  mobile 
and  portable  applications  [2,3].  At  the  heart  of  a  PEMFC,  there  is  an 
active  catalyst  material  used  to  accelerate  electrochemical  reac¬ 
tions,  in  which  platinum-based  materials  are  commonly  used: 
platinum  nanoparticles  (Pt  NPs),  bimetallic-Pt  NPs,  and  Pt  NPs 
deposited  on  support  materials  [4-6]. 

Depositing  Pt  NPs  on  support  materials  is  an  effective  strategy  to 
reduce  Pt  utilization.  However,  in  order  to  maintain  the  catalytic 
performance  of  a  PEMFC  at  a  sufficient  level,  the  support  materials 
require  a  high  surface  area  and  high  electrical  conductivity.  From 
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this  perspective,  porous  conductive  materials  (e.g.,  Carbon)  are 
appropriate  for  use  as  a  support  material.  In  the  previous  study,  we 
reported  the  enhancement  of  nanoparticle  catalytic  activity,  by 
means  of  morphological  control  of  porous  carbon  microspheres 
that  influences  the  surface  area  of  catalyst  support  [7].  A  high  ORR 
activity  is  absolutely  desired  for  PEMFC  electrodes,  particularly  for 
cathodic  reactions  [8].  However,  the  improvement  of  ORR  activity 
by  enhancing  the  surface  area  is  constrained  by  the  fact  that  an 
infinite  amount  of  surface  area  is  nonexistent. 

The  modification  of  carbon  support  materials  is  necessary  to 
improve  ORR  activity.  It  is  well  known  that  the  doping  of  nitrogen 
(N)  into  carbon  support  materials  has  a  large  impact  on  their 
oxygen  reduction  activity  [8—11].  Generally,  N-doped  porous 
carbon  materials  can  be  synthesized  by  either  “ in-situ ”  or  “ex-situ” 
methods.  In  the  in-situ  method,  various  types  of  N-contained 
hydrocarbons,  e.g.,  acetonitrile,  polypyrrole,  polyacrylonitrile,  or 
polyaniline,  are  used  as  a  nitrogen  source  and  usually  synthesized 
by  arc-discharge,  laser  ablation,  chemical  vapor  deposition  or  sol¬ 
vothermal  methods  [12—16].  Meanwhile,  the  ex-situ  method 
involves  the  passing  of  NH3  gas  at  a  high  temperature  to  dope  N 
onto  the  material  [17,18]. 

In  previous  research,  we  found  that  any  chemicals  which  can  be 
decomposed  into  NH3  at  high  temperature,  such  as  urea,  can  be  used 
as  an  N  precursor  [19].  Utilization  of  direct  NH3  gas  of  course  attracts 
special  attention  due  to  its  simplicity.  However,  this  gas  is  catego¬ 
rized  as  a  flammable  one.  Therefore,  it  is  become  a  challenge  to 
utilize  other  chemicals  with  lower  risk  and  offer  more  advantages 
than  as  an  N-doping  agent  only,  such  as  ammonium  hydroxide, 
which  also  can  form  NH3  gas.  Previously,  our  group  successfully 
reduced  nickel  chloride  into  nickel  particles  using  ammonium 
hydroxide  without  using  a  reducing  agent  [20,21  ].  To  the  best  of  our 
knowledge,  the  use  of  ammonium  hydroxide  as  an  N-doping  agent 
of  carbon  had  never  been  reported.  Here,  we  report  the  role  of 
ammonium  hydroxide  as  an  N-doping  agent  to  enhance  the  overall 
ORR  activity  of  the  catalyst  materials.  In  the  present  study,  the 
formation  of  Pt  NPs,  doping  of  nitrogen,  and  morphology  control  of 
porous  microsphere  carbon  were  accomplished  concurrently  using 
an  in-situ  spray-drying  method,  which  was  safer  than  the  other  re¬ 
ported  methods  of  nitrogen  doping.  A  spray-drying  technique  has 
the  potential  for  an  industrial  scale  production  to  quickly  obtain 
a  homogenous  particle  morphology  and  chemical  dispersion  of  the 
product  [22,23].  Once  the  catalysts  were  prepared  using  the  present 
method,  they  were  examined  for  application  to  PEMFC. 

2.  Experimental 

2.1.  Preparation  of  Pt/CN  catalysts 

First,  two  precursors  were  separately  prepared.  Precursor  I  was 
prepared  by  mixing  an  aqueous  slurry  of  carbon  black  (0.224  wt.%, 
40  nm,  Mikuni  Color  Co.,  Ltd,  Japan)  with  an  aqueous  slurry  of 
anionic  polystyrene  latex  (PSL,  0.3  wt.%,  300  nm)  at  a  mass  ratio  of 
1.3:1.  Precursor  II  was  prepared  by  adding  ammonium  hydroxide 
solution  (28-30  wt.%,  Kanto  Chemical  Co.,  Ltd,  Japan)  into  an 
aqueous  solution  of  chloroplatinic  acid  (10  wt.%,  Noritake  Co.,  Ltd, 
Japan)  until  the  desired  pH  was  reached.  The  pH  value  increased 
with  the  increment  of  ammonium  hydroxide  concentration. 
Precursors  I  and  II  were  mixed  with  the  mass  ratio  of  carbon  black 
and  chloroplatinic  acid  kept  at  4:1,  and  the  final  pH  was  then 
measured.  The  mixed  precursor  was  spray-dried  using  a  mini 
spray-dryer  (BUCHI B-290)  at  180  °C  with  an  air  flow  of  11.1  L  min-1. 
The  sprayed  composite  catalysts  were  then  calcined  in  2  steps.  First, 
the  catalysts  were  calcined  at  700  °C  for  30  min,  under  a  nitrogen 
atmosphere,  followed  by  a  second  calcination  at  300  °C  for  30  min 
under  an  ambient  atmosphere  (See  Supporting  information  1). 


2.2.  Materials  characterization 

The  morphology  of  the  catalysts  was  observed  using  a  field 
emission  scanning  electron  microscope  (FE-SEM,  Hitachi,  S-5000, 
20  kV)  and  transmission  electron  microscopy  (TEM,  JEOL-JEM- 
2010,  200  kV).  The  Pt  amount  in  the  catalyst  was  measured  using 
an  inductively  coupled  plasma  (ICP)  mass  spectrometer  (SII,  SPS- 
3000).  The  crystal  structure  was  characterized  by  X-ray  diffrac¬ 
tion  (XRD,  Rigaku,  RINT2000).  The  surface  area  was  determined 
quantitatively  using  N2  adsorption-desorption  (BEL  Japan,  Inc., 
BELSORP-max),  and  was  calculated  using  the  Brunauer,  Emmett, 
and  Teller  (BET)  method. 

2.3.  Electrochemical  characterization 

Electrochemical  characterization  was  performed  using  cyclic 
voltammetry  (CV)  and  rotating  disc  electrode  (RDE)  (Hokuto 
Denko,  HR-301).  The  catalyst  ink  was  prepared  by  dispersing 
18.5  mg  of  catalyst  into  a  mixture  of  6  mL  isopropanol  (Cica- 
reagent,  Kanto  Chemical  Co.  Inc.,  Japan)  and  19  mL  ultrapure  water. 
A 15  pL  of  Nation®  dispersion  solution  (5  wt.%,  Wako  Pure  Chemical 
Industries,  Ltd.,  Japan)  was  added,  then  the  mixture  of  catalyst  ink 
was  placed  in  an  ice  bath  and  sonicated  for  at  least  30  min.  10  pL  of 
catalyst  ink  was  transferred  onto  a  polished  glassy  carbon  disk  and 
allowed  to  dry  in  order  to  form  a  catalyst  layer.  The  electrochemical 
measurement  setup  was  similar  to  our  previous  report  [4].  Briefly, 
the  CV  measurements  were  scanned  between  0  and  1.2  V  vs.  RHE 
with  a  sweep  rate  of  100  mV  s-1  using  a  fresh  0.1  M  HCIO4  elec¬ 
trolyte  solution.  Nitrogen  gas  was  flowed  to  the  electrolyte  solution 
for  30  min  to  de-oxygenate  the  environment.  The  saturation  gas 
was  switched  to  oxygen  for  RDE  measurement.  Rotation  rates  were 
controlled  at  400, 900, 1600, 2500,  and  3600  rpm  to  collect  data  for 
Koutecky-Levich  plots.  Measurements  were  carried  out  at 
10  mV  s_1  sweep  rates  in  a  typical  polarization  program  of 
0.2  V  — ►  1.2  V.  The  background  current  was  measured  by  running 
the  oxygen  reduction  reaction  (ORR)  sweep  profile  without  rotation 
in  N2-purged  0.1  M  HCIO4  before  the  ORR  measurement  to  elimi¬ 
nate  any  contributions  of  capacitive  current. 

3.  Results  and  discussion 

A  set  of  experiments  were  performed  to  study  the  role  of  an 
ammonia  solution  in  the  formation  of  Pt  NPs.  Five  precursors  with 
and  without  the  addition  of  an  ammonia  solution  were  prepared 
for  spray-drying.  For  a  precursor  with  no  ammonia  (SI),  the 
mixture  pH  was  measured  at  1.0,  meanwhile,  for  the  precursors 
with  addition  of  ammonia  (S2,  S3,  S4,  S5),  pH  was  adjusted  to  be 
2.2,  8.4, 10.3,  and  12.8,  respectively. 

XRD  patterns  of  the  samples  prepared  from  the  precursors  with 
a  pH  of  1,  2.2,  8.4, 10.3  and  12.8  are  shown  in  Fig.  l(a-e),  respec¬ 
tively.  The  diffraction  peaks  of  Pt  were  clearly  observed  for  all 
samples,  at  diffraction  angles,  26,  of  39°,  46°,  and  68°,  corre¬ 
sponding  to  the  crystalline  planes  of  (111),  (200),  and  (220), 
respectively  (JCPDS  Card  no.  4-0802).  Platinum  oxide  (PtO)  was 
formed  from  the  precursor  without  ammonia  (SI),  as  indicated  by 
the  diffraction  peaks  of  PtO  at  33.5°  and  54.3°  (Fig.  1(a),  JCPDS  Card 
no.  42-866).  Those  peaks  disappeared  when  the  ammonia  solution 
was  added  to  the  precursor,  as  shown  in  Fig.  l(b-e).  Xia  et  al.  found 
that  NH3  gas  obtained  as  the  result  of  NH4CI  decomposition  may 
initially  react  with  the  intermediate  metal  oxide  (NiO)  to  form 
metal  (Ni)  particles  with  H2  gas  subsequently  generated  by  the  NH3 
decomposition  at  high  temperature  [19,20].  In  a  similar  manner, 
the  addition  of  an  ammonia  solution  also  promoted  the  formation 
of  Pt  NPs.  The  sizes  of  Pt  NPs  were  calculated  to  be  4.53,  4.01,  3.96, 
and  3.81  nm  for  S2,  S3,  S4,  and  S5,  respectively  (see  Supporting 


60 


R.  Balgis  et  al.  /  Journal  of  Power  Sources  229  (2013)  58-64 


(e) 

o 

.  JL  1 

o 

O  Pt 

v  PtO 

(d) 

_ A _ A. 

(c) 

_ A _ A _ 

(b) 

_ i  J _ 

_ A _  ... 

(a) 

-  1  A  ? _ 

- _ A. _ 

20  30  40  50  60  70  80 

20  (degree) 


Fig.  1.  XRD  patterns  for  the  Pt/C  catalyst:  (a)  without  pH  adjustment  at  pH  1  (SI),  (b) 
pH  adjusted  2.2  (S2),  (c)  pH  adjusted  8.4  (S3),  (d)  pH  adjusted  10.3  (S4),  and  (e)  pH 
adjusted  12.8  (S5). 

information  2).  It  was  apparent  that  the  Pt  size  decreased  with  an 
increase  in  the  pH  of  the  precursor,  which  means  that  the  number 
of  [H]+  ions  in  the  precursor  influenced  the  process  of  Pt  reduction 
as  well  as  that  of  Pt  crystal  growth.  The  increment  of  [H]+  ion 
concentration  was  resulting  the  increase  of  Pt  crystallite  size.  In 


addition,  there  is  a  critical  level  of  concentration  before  [H]+  ions 
will  inhibit  byproduct  particles.  Once  the  critical  level  is  exceeded, 
a  byproduct  will  be  produced,  which  is  PtO  in  the  present  study 
that  was  observed  on  sample  SI.  Since  PtO  formation  was  observed 
on  SI,  other  analyses  were  carried  out  only  for  samples  S2,  S3,  S4, 
and  S5. 

The  structural  properties  of  Pt/CN  catalysts  were  evaluated  using 
nitrogen  adsorption/desorption  measurements.  The  adsorption- 
desorption  isotherm  curves  of  samples  S2,  S3,  S4,  and  S5  are 
shown  in  Fig.  2(a— d).  The  isotherm  curves  characterized  the  initial 
rapid  rise  of  gas  volume  absorbed  as  relative  pressure  was  turned  to 
a  slow  increase.  The  inflection  point  (0.05  <  P/Po  <  0.3)  corre¬ 
sponded  to  both  the  completion  of  the  monolayer  coverage  and  the 
filling  of  the  pores  by  capillary  condensation.  The  rest  of  the  curve 
corresponded  to  a  normal  multi-layer  formation.  These  represent 
type  II  isotherm  curves,  which  are  usually  encountered  for 
nonporous  particles  or  particles  with  pore  diameters  larger  than 
micropores.  No  hysteresis  could  be  found  between  the  adsorption 
and  desorption  curves.  Both  of  the  curves  overlapped  completely 
across  the  entire  relative  pressure  range.  It  was  confirmed  that  the 
pores  of  the  particles  channeled  one  another  and  possibly  formed 
hollow  core-porous  shell  morphologies,  which  is  ideal  for  a  catalyst 
particle,  due  to  the  great  support  for  the  creation  of  a  good  three- 
phase  boundary  among  the  catalyst,  the  gas  phase,  and  the  elec¬ 
trolyte.  The  specific  surface  area  can  be  obtained  from  this 
measurement,  and  summarized  in  Table  1. 

The  electrocatalytic  activities  of  prepared  Pt/CN  catalysts  are 
represented  in  the  CV  and  ORR  polarization  curves.  The  hydrogen 
adsorption  and  desorption  characteristics  of  prepared  catalysts  at 
the  10th  and  200th  cycle  measurements  are  shown  in  Fig.  3(a)  and 
(b),  respectively.  All  the  CV  curves  show  both  the  weak  and  the 
strong  adsorption  peaks  of  hydrogen  ions,  which  were  observed 


Relative  Pressure  (P/P0) 


Fig.  2.  Nitrogen  adsorption-desorption  isotherm  curves  of  pH  adjusted  samples  using  ammonium  hydroxide:  (a)  S2,  (b)  S3,  (c)  S4,  and  (d)  S5. 
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Table  1 

Surface  structural  parameters  for  Pt/CN  catalyst  with  pH  adjustment  using 
ammonium  hydroxide. 


Sample 

pH 

Particle  size  (pm) 

SBET  (m2  g"1) 

S2 

2.2 

3.5 

78 

S3 

8.4 

2.9 

76.7 

S4 

10.3 

2.7 

103 

S5 

12.8 

2.6 

88.3 

during  the  negative-going  potential  scan,  and  were  assigned  to 
weakly  and  strongly  bonded  hydrogen  atoms,  respectively.  Corre¬ 
sponding  desorption  peaks  of  hydrogen  ions  also  were  observed 
during  the  reserve  potential  scan.  In  order  to  quantify  the  electro- 
catalytic  activity  of  prepared  catalysts,  the  electrochemically  active 
surface  area  (ECSA)  of  Pt  NPs  was  calculated  using  the  hydrogen 
adsorption  charge  (QH-adsorption),  which  was  limited  by  a  minimum 
potential  that  was  selected  just  above  the  potential  of  H2  genera¬ 
tion  onwards.  The  ECSA  of  prepared  samples  at  the  10th  and  200th 
cycles  are  shown  in  Table  2. 

A  characteristic  set  of  polarization  curves  for  the  ORR  on  the 
prepared  Pt/CN  catalysts  S2,  S3,  S4,  and  S5  is  shown  in  Fig.  4(a).  In 
order  to  examine  figure  of  merit  of  prepared  catalyst,  the  oxygen 


Potential  (V  vs.  RHE) 

Fig.  3.  Cyclic  voltammograms  of  various  pH  adjusted  catalyst  samples  in  02-free  0.1  M 
HCIO4  (cycling  between  0  and  1.2  V  at  100  mV  s-1  sweep  rate)  at:  (a)  10  cycles  and  (b) 
200  cycles. 


Table  2 

Catalyst  characterization  results  for  the  pH  adjustment  of  Pt/CN. 


Sample 

pH 

Pt  particle 
size  (nm) 

Pt  loading 
(wt.%) 

Pt  amount  on 

RRDE 

(pg  Pt  cm  2) 

ECSA  (m2 

g-1  pt) 

10  cycles 

200  cycles 

S2 

2.2 

4.53 

23.38 

8.79 

50 

45 

S3 

8.4 

4.01 

25.10 

9.44 

68 

59 

S4 

10.3 

3.96 

21.27 

8.00 

50 

50 

S5 

12.8 

3.81 

21.42 

8.06 

40 

36 

reduction  reaction  activity  of  commercial  Pt/C  catalyst  (46.1  wt.%, 
purchased  from  Tanaka  Kikinzoku  Kogyo  Co.,  Ltd.)  was  also 
measured  under  the  same  condition  as  that  of  the  prepared  Pt/CN 
catalysts.  The  diffusion-limiting  current  density  expected  for 
materials  that  support  a  direct  4e~  transfer  usually  ranges  between 
-5  and  -6  mA  cm-2.  These  were  obtained  below  0.6  V  with  an 
electrode  angular  speed  at  1600  rpm  for  all  samples.  The  target 
potential  for  the  calculation  of  the  mass  activity  and  specific  activity 
was  quantified  at  E  =  0.85  V.  Fig.  4(b)  represents  the  Tafel  plots 
derived  from  the  kinetic  currents  of  S2,  S3,  S4,  S5,  and  commercial 
Pt/C.  The  mass  activity  and  specific  activity  were  evaluated  from 
a  Koutecky-Levich  plot  using  the  limiting  current  method,  which 
was  calculated  by  normalizing  the  Pt  loading  of  the  disk  electrode; 
the  specific  activities  were  estimated  by  calculating  the  mass- 
specific  activities  and  normalizing  them  to  the  Pt  electrochemical 
surface  area.  The  values  for  mass  activity  and  specific  activity  of 
prepared  samples  and  commercial  Pt/C  are  shown  in  Fig.  4(c)  and 
(d),  respectively.  The  mass  activity  and  specific  activity  of 
commercial  Pt/C  catalyst  were  slightly  higher  compared  to  S2,  S4, 
and  S5.  However,  it  was  more  than  half  lower  than  that  of  the  S3 
sample.  It  is  proven  that  the  presence  of  N  atom  at  carbon  edges 
support  the  active  site  of  catalyst.  The  ORR  activity  shows  that  there 
is  an  optimum  amount  of  N-doping  which  was  limited  on  the 
certain  amount  of  NH3H20  addition  until  pH  8.4  was  reached,  at 
the  higher  amount  of  NH3  •  H20  addition,  the  ORR  activity  of  catalyst 
was  tend  to  decrease  due  to  the  catalyst  poisoning  by  the  remaining 
NH3  [24].  One  can  conclude  that  appropriate  amount  of  N  source 
addition  to  the  S3  encountered  the  oxygen  reduction  reaction 
ability,  while  commercial  Pt/C  only  relies  on  the  ability  of  Pt  active 
surface. 

The  morphology  of  catalyst  has  an  effect  to  electrocatalytic 
activity.  Good  dispersion  of  Pt  NPs  and  the  N  from  ammonia  pro¬ 
cessing  that  was  doped  to  the  carbon  support  during  heat  treat¬ 
ment  improved  the  ORR  activity.  The  mechanism  for  the  possible 
reactions  from  catalyst  formation  can  be  presented  as  follows: 

NH3H2O^NH+  +  OH"  (1) 

OH“  +  H+~H20  (2) 

With  the  addition  of  chloroplatinic  acid,  the  mechanism  for  the 
possible  reactions  would  be  as  follows: 

2NH+  +  20H-  +  H2PtCl6xH20— ►  2NH4C1  +  PtCl4  +  (x  +  2)H20 

(3) 

Precursor  II  further  modified  the  carbon  nanoparticles  in  precursor 
I  during  calcination  at  700  °C  for  30  min.  The  used  carbon  nano¬ 
particles  have  various  groups  on  the  surface  such  as  -COOH,  -CHO, 
-C-OH,  and  -C=0  (product  data  of  Mikuni  Co.,  Ltd.).  As  with  the 
results  from  previous  research  [25],  parts  of  the  Pt  ion  could  be 
adsorbed  by  carbon  particles  and  reduced  via  the  following  two 
reactions: 
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Fig.  4.  (a)  ORR  polarization  curves  of  S2,  S3,  S4,  S5,  and  com.  Pt/C  in  02  saturated  0.1  M  HC104  at  a  sweep  rate  10  mV  s  1  and  a  rotation  rate  of  1600  rpm,  (b)  Tafel  plots  derived  from 
the  kinetic  currents  of  the  catalysts,  (c)  mass  activities  and  (d)  specific  activities  for  the  catalysts  at  0.85  V  (vs  RHE). 


-C-H  +  PtCl4  +  H20^-C-OH  +  Pt(0,  II)  +  H+  (4) 

— C=0  +  PtCl4  +  H20— ►— COOH  +  Pt(0,  II)  +  H+  (5) 

Reactions  (4)  and  (5)  emphasize  the  possibility  of  Pt  (0)  formation 
for  the  SI  sample,  although  PtO  nanoparticles  are  still  obtained  due 
to  the  uncompleted  reduction.  For  the  other  samples,  the  contained 
NH4C1  will  decompose  into  NH3  and  HC1  gas  at  high  temperature, 


and  some  of  the  NH3  gas  will  decompose  further  into  N2  and  H2  gas. 
These  two  gases  will  also  promote  and  accomplish  the  reduction 
process  of  Pt  ions. 

A  schematic  representation  of  the  N-doping  is  presented  in 
Fig.  5.  The  NH3  molecule  could  easily  get  attached  to  the  oxygen- 
containing  functional  groups  in  a  carbon  particle  and  be  trans¬ 
formed  to  an  N  atom  at  the  carbon  edges  and/or  the  defect  sites  at 
300-700  °C  [26].  The  doping  of  N  into  carbon-based  materials 
would  enhance  the  catalytic  activity  toward  an  ORR  [8-10], 


Fig.  5.  Schematic  illustration  of  the  reaction  pathway  for  the  N-doping  into  a  Pt/C  catalyst. 
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Fig.  6.  (a  &  b)  SEM  images  of  S3  and  (c)  TEM  images  of  Pt  dispersion  on  the  surface  S3. 


because  the  over-potential  loss  due  to  the  slow  reaction  kinetics  of 
an  ORR  is  more  than  a  quarter  of  the  total  ideal  electrode  potential, 
which  greatly  decreases  the  energy  density  of  fuel  cell.  N-doped 
carbon  as  the  catalyst  support  is  also  expected  to  improve  the 
durability  of  the  resultant  catalyst,  because  of  the  enhanced  tc 
bonding  and  the  basic  properties  of  the  strong  electron  donor 
behavior  of  N  [27—31  ].  In  addition,  the  presence  of  nitrogen  merely 
indicated  the  presence  of  edge  sites  of  graphene,  as  reported  by 
Matter  et  al.  [32]. 

As  shown  in  Fig.  4(c)  and  (d),  sample  S3  had  the  highest  ORR 
activity.  The  mass  activity  and  specific  activity  of  S3  were 
564  mA  mg-1  Pt,  and  834  pA  cm-2  Pt,  respectively,  which  may  have 
been  due  to  the  presence  of  an  appropriate  amount  of  N  atoms 
doping  into  carbon  as  has  been  explained  above.  Here,  we 
demonstrated  that  high  value  of  specific  activity  can  compensate 
even  for  high  ECSA  catalyst  due  to  the  high  amount  of  mass  activity, 
as  a  result  of  the  presence  of  Pt  and  N  atoms  to  conduct  ORR.  The 
substituted-nitrogen  atoms  gave  advantageous  on  nucleation  sites 


pt 


for  Pt  and  finally  enhance  catalytic  activity.  A  similar  phenomenon 
also  was  reported  elsewhere  [33].  Therefore,  we  concluded  that 
compared  with  the  creation  of  a  high  surface  area  for  catalyst 
support,  the  doping  of  N  to  the  support  materials  had  a  larger 
impact  on  ORR  activity.  This  also  became  one  of  the  strategies  used 
to  overcome  the  limitations  of  catalyst  surface  area  enhancement 
for  the  improvement  of  ORR  activity. 

Fig.  6  shows  the  FE-SEM  and  HR-TEM  images  of  sample  S3,  and 
confirms  that  the  morphology  of  prepared  catalysts  was  that  of 
a  porous  microsphere.  The  catalyst  particles  and  their  macropore 
sizes  were  measured  from  those  images  for  more  than  200  parti¬ 
cles,  and  are  tabulated  in  Table  1.  The  macropore  size  was  relatively 
uniform  for  all  samples  ( ~  180  nm);  meanwhile,  the  particle  size 
decreased  with  increments  in  pH  of  the  precursor,  which  implies 
that  a  large  droplet  size  is  favorable  for  a  solution  containing  a  high 
concentration  of  [H]+  ion.  The  dispersion  of  Pt  NPs  on  the  support 
material  was  confirmed  by  HR-TEM  images  (Fig.  6(c)).  The  chemical 
mapping  of  sample  S3  in  Fig.  7  shows  that  nitrogen  and  platinum 


N 


Fig.  7.  Chemical  mapping  of  S3. 
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were  distributed  very  well  on  the  carbon  materials.  This  confirms 
the  success  of  the  present  method  to  simultaneously  dope  N  and 
form  metal  Pt  on  the  structured  morphology  of  carbon  support 
materials,  which  is  very  suitable  for  industrial  application. 

4.  Conclusion 

In  conclusion,  the  present  study  showed  that  the  formation  of  Pt 
NPs  and  N-doping  into  structurally  engineered  carbon  support 
materials  was  done  simultaneously  via  a  spray-drying  method. 
Control  of  the  Pt  size  and  N-doping  were  done  by  simply  adjusting 
the  precursor  pH  using  ammonium  hydroxide.  Designing  catalyst 
support  morphology  with  N-doping  escalates  the  oxygen  reduction 
reaction.  Ultrahigh  oxygen  reduction  activity  was  found  at 
a  precursor  pH  of  8.4  with  mass  and  specific  activities  were 
564  mA  mg-1  Pt  and  834  pA  cm-2  Pt,  respectively. 
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